Aim: Adipose-derived stem cells (ASCs) have been deeply characterized for their usefulness in musculoskeletal tissue regeneration; recently, other mesenchymal stem cell (MSC) sources have also been proposed. This study compares for the first time human tendon stem/progenitor cells isolated from hamstring tendons with human ASCs. Materials & Methods: Human TSPCs and ASCs were isolated from hamstring tendon portions and adipose tissue of healthy donors undergoing ACL reconstruction or liposuction, respectively (n = 7). Clonogenic ability, immunophenotype and multidifferentiation potential were assessed and compared. Results: Both populations showed similar proliferation and clonogenic ability and expressed embryonic stem cell genes and MSC surface markers. Tendon stem/progenitor cells showed lower adipogenic and osteogenic ability, but after the chondrogenic differentiation, they produced more abundant glycosaminoglycans and expressed higher levels of aggrecan with regards to ASCs. The tenogenic induction with BMP-12 upregulated SCX and DCN gene expression in both populations. Conclusion: Our results demonstrate that waste hamstring tendon fragments could represent a convenient MSC source for musculoskeletal regenerative medicine.
Although bone marrow is still the most common source of mesenchymal stem cells (MSCs), in recent years, driven by a constant quest for the 'most convenient' source, researchers have demonstrated that these cells can be identified in several alternative sites. In particular, MSCs have been found in tissues that are discarded after surgical interventions, including adipose tissue, periodontal ligaments and deciduous teeth. Many studies have been performed to compare the features of MSCs from different origins, with the final aim of identifying the best possible MSC tissue source for a given clinical situation. The choice of the most appropriate cell type is crucial since, although MSCs deriving from different tissues share common properties, it is known that they are influenced by the surrounding microenvironment and tissue-specific characteristics that, ultimately, may influence the final treatment outcome. Moreover, age, site, gender and pathological conditions have been shown to affect the number, proliferation potential and differentiation capacity of MSCs [1] [2] [3] [4] . Recently, it has been shown that discarded tendon fragments derived from knee ligament reconstruction [5] or tendon cuff repair [6] also contain MSC populations, named tendon stem/ progenitor cells (TSPCs) [7] ; this observation has enabled remarkable advancements in understanding the physiopathology of this tissue, as well as the possibility of using this cell source as a potential tool for tendon regenerative treatments.
In this study, the in vitro immunophenotype, embryonic stem cell marker expression, clonogenic and proliferation ability and [8] [9] [10] . Thus, the main aim of this study was to provide further knowledge regarding the potential use of TSPCs in musculoskeletal tissue regeneration strategies, and our hypothesis was that it would be more advantageous to use this cell source for tendon regenerative purposes in comparison with ASCs.
Materials & methods

TSPC & ASC isolation & culture
All of the procedures were carried out at Galeazzi Orthopedic Institute (Italy) with Institutional Review Board approval (M-SPER-014.ver7 for the use of surgical waste). All of the donors gave their written consent for the use of their surgical waste material for research purposes. TSPCs were isolated from discarded fragments of semitendinosus and gracilis tendons collected from seven donors (mean age: 33 ± 14 years) who underwent anterior cruciate ligament reconstruction; ASCs were isolated from raw lipoaspirates of seven donors (mean age: 47 ± 14 years) who underwent esthetic liposuction (Table 1 ). The samples of tendon tissue were minced into small pieces (0.5-0.8 cm), placed in 100-mm Petri dishes and covered with control medium (CTRL medium; Table 2 ). During the first 10 days in culture, tendon cells migrated from tissue and started to proliferate [11, 12] ; at approximately 3 weeks later, they reached 80-90% confluence. ASCs were isolated as previously described [2] . Briefly, adipose tissue was washed with phosphatebuffered saline and digested with 0.075% type I collagenase (Worthington Biochemical Corp., NJ, USA) at 37°C for 30 min. The stromal vascular fraction was centrifuged (1200 g, 10 min) and then filtered through a 100-μm nylon cell strainer (Becton, Dickinson and Co., NJ, USA); the collected stromal vascular fraction cells were plated in CTRL medium at 10 4 cells/cm 2 of density and reached 80-90% confluence in approximately 7 days. TSPCs and ASCs were maintained in culture, changing the medium every 3 days.
Cell doubling time
For TSPCs and ASCs, cell doubling time (DT) was calculated from passages 2 to 4. The cells were plated at a density of 3 × 10 3 cells/cm 2 in CTRL medium. Fresh medium was supplied every 3 days, and at 80-90% confluence, the cells were split using trypsin/EDTA (0.5% trypsin/0.2% EDTA; Sigma-Aldrich (MO, USA). DT was calculated according to the following formula: DT = CT/ln(N f -N i )/ln2, where CT is the cell culture time (hours), N f is the final number of cells and N i is the initial number of cells [13] .
Fibroblast colony forming unit assay
The clonogenic ability of ASCs and TSPCs from passages 2 to 4 was evaluated by colony forming unit assay as previously described [2] . Briefly, cells were plated in six-well plates at low density by limiting dilution (starting dilution: 100 cells/cm 2 ; ending dilution: 13 cells/cm 2 ) and cultured in CTRL medium supplemented with 20% fetal bovine serum for 14 days. Then, the cells were fixed with 4% paraformaldehyde solution and counted after 2.3% Crystal Violet staining (Sigma-Aldrich) for 10 min at room temperature. The frequency of CFU-F (colony forming unit-fibroblasts) was established by scoring the individual colonies composed of at least 30 cells and expressed as a percentage relative to the number of the initial seeded cells.
Cell metabolic activity
For both TSPCs and ASCs, 1.5 × 10 4 cells at passage 4 were seeded into 96-well plates and the cell metabolic activity assay was performed at 1, 3, 7 and 14 days. Briefly, a final concentration of 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich) was added to the culture medium and incubated for 4 h at 37°C. After medium removal, 100% DMSO was added to each well in order to solubilize the formazan precipitate. The absorbance of this solution was read at 570 nm (Victor™ X3 microplate; Perkin Elmer, MA, USA).
Fluorescence-activated cell sorting analysis
TSPCs and ASCs at passage 4 were detached and washed twice in cold fluorescence-activated cell sorting buffer (phosphate-buffered saline without Ca/Mg 2+ , 2% fetal bovine serum and 0.1% NaN 3 ). A total of 2.5 × 10 5 cells were incubated with the antihuman primary monoclonal antibodies: fluorescein isothiocyanate-conjugated CD90, CD13, CD31, CD44, CD45 and CD166 (Ancell Corp., MN, USA) ; biotinylatedconjugated CD29, CD34, CD54, CD71 and CD105 (Ancell Corp.); and phycoerythrin-conjugated CD73 (Miltenyi Biotec, Germany). After incubation, streptavidin-phycoerythrin and fluorescein isothiocyanateconjugated goat antimouse antibodies (Ancell Corp.) were used as secondary antibodies for cells stained with biotinilated antibodies. Background fluorescence was established by negative controls and data on 10,000 cell fluorescence events were acquired by flow cytometry using a FACSCalibur™ flow cytometer (BD Bioscences, NJ, USA) and analyzed by CellQuest™ software (BD Bioscences).
Adipogenic differentiation
Both cell populations at passage 4 were seeded at 10 4 cells/cm 2 and then induced to differentiate towards an adipogenic lineage for 21 days using a repeated pulsed protocol, consisting of 3 days in adipogenic induction medium followed by 3 days in adipogenic maintenance medium (ADIPO medium; Table 2 ). To quantify the lipid vacuoles, cells were rinsed and fixed in 10% neutral buffered formalin for 1 h, stained with Oil Red O (Sigma-Aldirch) for 15 min, then unstained with 100% isopropanol. Absorbance was read at 490 nm.
Osteogenic differentiation
Cells at passage 4 seeded at 10 4 cells/cm 2 were differentiated into an osteogenic lineage by culturing in osteogenic medium (OSTEO medium; Table 2 ). Cells were assessed for alkaline phosphatase (ALP) activity and extracellular calcified matrix deposition [2] . Briefly, after 14 days of differentiation, cells were lysed with 0.1% Triton™ X-100 (Sigma-Aldrich) and the enzymatic ALP activity was determined by incubating cellular lysates at 37°C with 1 mM p-nitrophenylphosphate (Sigma-Aldrich) in alkaline buffer (100 mM diethanolamine and 0.5 mM MgCl 2 , pH 10.5). The absorbance was read at 405 nm (Victor X3 microplate reader) and the ALP activity was normalized against the determined total protein content (Pierce™ BCA protein assay kit; Pierce Biotechnology, IL, USA).
The extracellular calcified matrix deposition was evaluated after 21 days of differentiation. Briefly, the cells were stained with 40 mM Alizarin Red S (pH 4.1; Fluka-Sigma Aldrich, MO, USA) for 15 min. The dye was extracted with 10% cetylpyridinium chloride monohydrate (Sigma-Aldrich) in 0.1 M phosphate buffer (pH 7.0) and the absorbance was read at 550 nm.
Chondrogenic differentiation
At passage 4, 5.0 × 10 5 TSPCs and ASCs were centrifuged (250 g, 5 min) in order to obtain cell pellets. Pel- lets were cultured in chondrogenic medium (CHON-DRO medium; Table 2 ) for 21 days. For histological analysis, pellets were fixed for 24 h in 10% neutral buffered formalin, embedded in paraffin and sectioned at 4 μm. Sections were stained with hematoxylin-eosin (Sigma-Aldrich) and safranin O in order to evaluate the extracellular matrix and glycosaminoglycan (GAG) deposition [14] . GAGs were also quantified by digesting the pellets (16 h, 60°C) in 500 μl of PBE buffer (Phosphate Buffer/EDTA; 100 mM Na 2 HPO 4 , 10 mM NaEDTA, pH 6.8) containing 1.75 mg/ml of l-cystein (Sigma-Aldrich) and 14.2 U/ml of papain (Worthington). Samples were incubated with 16 mg/l dimethylmethylene blue (Sigma-Aldrich) and absorbance was read at 500 nm (Victor X3 microplate reader). The same samples were used for DNA quantification using a CyQUANT ® Kit (Life Technologies, NY, USA). The amount of GAG produced for each sample was normalized against the DNA content and expressed as micrograms of GAG per microgram of DNA.
Tenogenic differentiation
Both TSPC and ASC populations were seeded at passage 4 and at a cell density of 10 4 cells/cm 2 . After 7 and 14 days of tenogenic differentiation in an inductive medium (Table 2) , the expression of tendon-related genes was assessed by real time-PCR.
Gene expression
The total RNA was purified from the cell lysates using the RNeasy ® Mini Kit (Qiagen, Germany) and reverse transcripted to cDNA (5 min at 25°C, 30 min at 42°C and 5 min at 85°C) using an iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories, CA, USA). A total of 10 ng of cDNA were incubated with a PCR mix (50°C for 2 min, 95°C for 10 min, 40 cycles at 95°C for 15 s and 60°C for 1 min) containing TaqMan ® Universal PCR Master Mix and Assays-on-Demand Gene expression probes (Life Technologies) for the following genes:
, POU5F1 (Hs04260367_gh) and KLF4 (Hs00358836_m1). Reactions were performed with Applied Biosystems ® StepOnePlus™ (Life Technologies). The fold change in expression was normalized against the expression of the housekeeping GAPDH gene (Hs99999905_m1).
Statistical analysis
Data are expressed as means ± standard deviations. The normal distribution of values was assessed by the Kolmogorov-Smirnov normality test. Statistical analyses were performed using the Student's t-test for data with a normal distribution and the Wilcoxon test for data with a non-normal distribution (GraphPad Prism ® v5.00; GraphPad Software, CA, USA). The level of significance was set at p < 0.05 (*p < 0.05; **p < 0.01; ***p < 0.001). The correlation between age and each parameter was assessed by Pearson's correlation test.
Results
Undifferentiated TSPCs & ASCs show similar stem cell features
TSPCs and ASCs were harvested from seven different donors each (Table 1 ). The mean donor ages of the two cell populations were different, but the large variability within each group makes this difference not significant (NS). A regression analysis was performed to assess the possible correlation between age and all of the parameters evaluated and revealed no significant correlations (data not shown).
Although the weight of the starting tendon fragments was significantly lower with respect to lipoaspirates (p < 0.001), the numbers of cells at passage 1 normalized per gram of tissue was 2.2 ± 1.8 × 10 5 and 0.7 ± 0.5 × 10 5 for TSPCs and ASCs, respectively (p < 0.05). During passages in culture, TSPCs showed a typical fibroblastic-like morphology and proliferated with a rate that was similar to that of ASCs ( Figure 1A & B) . Indeed, at passage 2, the average DT was 87.0 ± 7.6 h for TSPCs and 70.8 ± 23.6 h for ASCs (NS); then, the TSPC and ASC proliferation rates progressively decreased until reaching average DTs of 176.7 ± 108.1 h and 190.3 ± 65.8 h at passage 4, respectively (NS). The clonogenic ability was also similar between the two cell populations in all of the passages analyzed; in particular, the highest number of colonies was observed at passage 4 for TSPCs (4.4 ± 1.9%) and at passage 3 for ASCs (3.5 ± 1.9%; Figure 1C ). In order to evaluate the in vitro cell viability of TSPCs and ASCs, which is considered to be an important parameter concerning primary cell survivorship after isolation and during culture, we observed their metabolic activity using the MTT assay. No significant differences were observed in terms of cell metabolic activity at passage 4 between TSPCs and ASCs ( Figure 1D ).
The expression of stemness-specific transcription factors KLF4 and POU5F1 of TSPCs was also comparable to that observed for ASCs (NS; Figure 1E ). The cell size and granularity of both populations were also similar ( Figure 2) . Moreover, TSPCs were found to possess the characteristic mesenchymal immunophenotypic profile, without any significant difference with regards to ASCs. Indeed, they were both highly positive for CD13, CD73, CD90, CD29, CD44, CD105, TSPCs have a lower adipogenic potential than ASCs
TSPCs cultured for 14 days in adipogenic medium only showed a slight intracellular lipid vacuole increase compared with cells maintained in noninductive medium (+40.3%, NS; Figure 3A & B). The lipid vacuole content observed in TSPCs was significantly lower than that observed in ASCs (p < 0.05) and, when cultured in adipogenic medium, they showed a significant increase in comparison with control ASCs (+136.3%; p < 0.05). However, both differentiated cell populations expressed significantly higher levels of LEP in comparison with their respective control cells (p < 0.05) and without any differences between them ( Figure 3C ).
TSPC osteogenic potential is lower than that of ASCs After 14 days of culture in osteogenic medium, both TSPCs and ASCs showed significant increases in terms of ALP activity of 173 and 177%, respectively (p < 0.05) in comparison with control cells ( Figure 4A ). 
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Significant upregulation of RUNX2 expression was observed in both osteogenic-differentiated TSPCs (+35%; p < 0.05) and ASCs (+113%; p < 0.05) in comparison with the respective control cells. Comparing the two cell types, significantly higher mRNA levels of RUNX2 were observed in differentiated ASCs compared with TSPCs (+136% for ASCs vs TSPCs; p < 0.01; Figure 4B ). After 21 days of culture in osteogenic medium, the calcified matrix deposition, as revealed by Alizarin Red S staining and extraction, was significantly higher in comparison with control cells for both TSPCs and ASCs (+46 and +410%, respectively; both p < 0.05; Figure 4C & D) . However, the amount of calcified matrix produced by differentiated TSPCs was very similar to that of undifferentiated ASCs, which, after the osteogenic induction, produced significantly higher amounts of calcified matrix compared with TSPCs (+ 411%; p < 0.001). All of these data suggest a lower capacity of TSPCs to differentiate towards the osteogenic lineage.
TSPC chondrogenic potential is higher than that of ASCs
Both cell populations were cultured in pellets in chondrogenic medium for 21 days. As revealed by the histological evaluation, the pellets cultured in noninductive medium were smaller and less organized in comparison to those cultured in chondrogenic medium for both types of cells ( Figure 5A ). Moreover, only the chondrogenic-differentiated pellets of TSPCs showed a marked extracellular matrix production, which was intensively stained by Safranin O dye. Chondrogenicinduced TSPCs also showed a significant increase in terms of GAG deposition compared with undifferentiated cells (+83%; p < 0.01); however, undifferentiated ASCs showed significantly higher levels of GAG in comparison with undifferentiated TSPCs (+96%; p < 0.05). Both SOX9 and ACAN were strongly upregulated in chondrogenic-induced pellets (+251 and +44% for SOX9 and +1279 and +145% for ACAN in terms of TSPCs and ASCs, respectively; Figure 5C & D) in comparison with control pellets. Moreover, both undifferentiated and differentiated TSPCs showed higher ACAN expression compared with ASCs (+1208 and +7256% increases for undifferentiated and differentiated TSPCs vs the respective ASCs). However, all of these differences, due to the wide interdonor variability, were NS.
BMP-12 increases SCX & DEC expression in both TSPCs & ASCs
The BMP-12 dosage used in this study (50 ng/ml) was chosen according to previously experiments carried on ASCs (data not shown).
The gene expression of specific tendon markers was evaluated after 7 and 14 days in undifferentiated and Figure 6A , left column). The tenogenic medium was able to induce a further increase in the expression of this transcription factor in both populations; indeed, differentiated TSPCs and ASCs showed higher levels of SCX in comparison with undifferentiated cells both at 7 days (+86 and +89%, respectively) and at 14 days of culture (+50 and +24%, respectively), although these differences were not statistically significant ( Figure 6A , right column). Gene expression of DCN, COL1A1 and COL1A3, components of the tendon extracellular matrix, were evaluated . After 7 days of culture in undifferentiated medium, TSPCs showed higher levels of DCN in comparison with ASCs (+93%; NS); however, at 14 days of culture, this difference was not present anymore, as ASC DCN expression increased with time in culture ( Figure 6B , left column). Tenogenic medium induced a significant upregulation of this marker in both populations already at 7 days of differentiation compared with undifferentiated cells (+50%, p < 0.05 and +164%, p < 0.01, respectively). However, after 14 days of differentiation, the DCN expression in ASCs significantly decreased compared with the previous time point, whereas TSPCs maintained a similar expression level ( Figure 6B , right column). Unexpectedly, undifferentiated ASCs showed much higher levels of COL1A1 and COL3A1 expression compared wtih TSPCs (+1296%, p < 0.01 and +1279%, p < 0.01, respectively; Figure 
Discussion
To the best of our knowledge, this is the first study comparing stem cell properties and the multilineage differentiation potential of human TSPCs and ASCs.
The main finding of our study is that TSPCs and ASCs show similar cell proliferation, viability and clonogenic ability, as well as stem cell marker expression. On the other hand, although both MSC populations showed multidifferentiation potential, some significant differences were observed that were partially related to their tissue origin, supporting the idea that a given MSC tissue source could be more appropriate for a given clinical situation.
Little is known about tendon biology, and there is also scarce knowledge of the cell populations that are Tendon stem/progenitor cells for musculoskeletal regenerative medicine Research Article resident in tendon tissue. It has recently been demonstrated that tendons contain stem/progenitor cells (i.e., TSPCs) that can provide a new tool for studying tendon physiology, pathology and possible innovative tendon therapies based on their properties [7] . Indeed, TSPCs are supposed to play a primary role in maintaining tissue homeostasis and in promoting repair after injury, and they could be addressed as a new potential therapeutic target. In particular, TSPCs could be the main effector of in vitro biophysical stimuli, such as pulsed electromagnetic fields and extracorporeal shock waves that have been proposed as promising alternatives for the treatment of tendinopathies [15] [16] [17] . Another perspective might involve the use of TSPCs as a cell source for cell-based therapy approaches to improve the regeneration of tendons or of other tissues of mesodermal origin, such as bone and cartilage. Currently, adipose tissue is considered to be one of the best and most convenient sources of MSC isolation due to its wide availability as surgical waste material [18] , and for this reason, in recent years, several cell/tissue banks have focused their activity on adipose tissue preservation and of its related MSC population.
Similarly, as already demonstrated and confirmed by this study, it is possible to efficiently isolate TSPCs from surgical waste tendon fragments, including hamstring tendons that are used in ligament reconstruction. Considering that each year approximately 200,000 anterior ligament reconstruction procedures are performed worldwide [19] , it could be noteworthy to ameliorate the knowledge of the potential of these cells to possibly exploit them for future allogeneic applications [20] . In this study, we have compared the in vitro behavior and the stemness features and multidifferentiation potential of human TSPCs with those of ASCs.
The number of cells is crucial for some regenerative medicine applications; in our study, the cellular yield of TSPCs was higher compared with ASCs. Since in the first passages in culture the tendon cell population is composed not only of TSPCs, but also of terminally differentiated tenocytes, the yield could have been influenced by this factor. However, tenocytes lose their phenotype in vitro with time and passages in culture and, although specific markers have yet to be found, they differ from TSPCs in terms of morphology, proliferation potential and expression of stem cells mark- ers such as OCT4 (POU5F1) [20] [21] [22] [23] [24] . For all of these reasons, the experiments were performed starting from cells at passage 4 (after ∼5 weeks of culture), when it was observed that the cell population possessed features that were peculiar to progenitor cells, including the expression of transcription factors that are essential for self-renewal maintenance and pluripotency in embryonic stem cells, such as POU5F1 and KLF4 [25] and, in agreement with the minimal criteria for defining multipotent MSCs [26] , the expression of specific MSC markers in standard culture conditions, without any difference with ASCs. Clonogenic assays for fibroblast-like colonies revealed a very similar frequency of cells able to form colonies in TSPCs to that observed in ASCs. All TSPC and ASC populations did not show differences in cell metabolic activity, suggesting similar cell viability when they are cultured in vitro. Moreover, we also observed that TSPCs and ASCs possessed a comparable DT of approximately 3 days at passage 2. These results are consistent with previous results indicating that human and mouse TSPCs proliferated faster than bone marrow stromal cells (BMSCs) [7, 27] , which have been demonstrated to possess a lower proliferation ability than ASCs [28, 29] , thus explaining the comparable behavior observed between ASCs and TSPCs. The differences in terms of multidifferentiation potential of MSCs from different sources have been deeply investigated: previous studies reported a higher multidifferentiation potential of mouse and rat TSPCs compared with BMSCs [7, 27] ; others found that human ASCs were able to more efficiently differentiate into the adipogenic lineage, but not into the chondrogenic lineage in comparison with BMSCs [28] [29] [30] . In our study, TSPCs and ASCs also presented some differences in terms of multidifferentiation potential. In particular, although adipogenic-and osteogenic-differentiated TSPCs showed significant increases in the related tissuespecific marker expression compared with undiffer- Tendon stem/progenitor cells for musculoskeletal regenerative medicine Research Article entiated cells, they possessed lower adipogenic and osteogenic potential compared with ASCs The more pronounced adipogenic potential of ASCs could be attributed to their precommitment, whereas the more marked osteogenic potential is also indicated by the very high type I collagen expression that we observed in undifferentiated ASCs, as has already been reported in previous studies [31, 32] . Quite unex-future science group
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pectedly, TSPCs seemed to be more susceptible to chondrogenic medium in comparison with ASCs, above all in terms of GAG production, although they were already high in undifferentiated ASCs. The more dramatic difference observed between TSPCs and ASCs that underwent the chondrogenic differentiation protocol was that of ACAN gene expression. Aggrecan is a proteoglycan that is present in cartilage as well as in compressed tendon regions. Thus, the already very high expression of this marker in undifferentiated TSPCs could be partially related to their tissue origin and consequently to their precommitment. In any case, as articular cartilage has only a poor capacity for self-repair [33] , it could be important to further investigate this aspect, as hamstrings can be easily harvested during knee surgery, causing minimal additional morbidity to patients who possibly require autologous regenerative treatment for kneeconcomitant chondral defects. Collectively, all of these data confirm that MSCs from different sources can respond differently to stimuli, posing the question of whether optimal conditions of differentiation should be properly adapted to the specific MSC type. In order to achieve a more efficient in vitro differentiation protocol, it could be useful to further investigate the cell niche factors, as it is widely accepted that several different environmental factors contribute to the overall control of stem cell activity. As little is known about the maturation of tendons and the related tendon cell niche factors, little information is available for developing an efficient tenogenic differentiation medium. In previous in vitro studies on embryonic stem cells, ASCs and BMSCs, the tenogenic induction has been attempted using a variety of growth factors, including bone morphogenic proteins (BMP-2 and -5, as well as BMP-12, -13 and -14, also known as GDF-7, -6 and -5, respectively), IGF-1, TGF-β1 and TGF-β3 [8] [9] [10] [34] [35] [36] [37] . The influence of BMP-12 on tenogenic differentiation was evaluated in several types of MSCs [37, 38] , but only a few studies were conducted on ASCs [8, 10] and, to our knowledge, none were conducted on human cells. Here, for the first time, we evaluated the effect of BMP-12 on the tenogenic induction of human ASCs and TSPCs. Regarding tendon-related marker expression, our results demonstrated that SCX, a transcription factor involved in tendon development, and DEC, a proteoglycan that stabilize and aligns collagen type I and III fibrils [15, 24, 39] , were more expressed in undifferentiated TSPCs compared with undifferentiated ASCs, in this case probably due to their precommitment. However, BMP-12 was able to induce a strong upregulation of SCX expression in both populations, as well as a significant increase of DEC. On the other hand, tenogenic induction did not affect either COL1A1 and COL3A1 expression in both TSPCs and ASCs, suggesting that BMP-12 alone is not able to induce a complete upregulation of tendon extracellular matrix markers. Our data on ASC tenogenic differentiation confirm what was observed by Shen et al. , who demonstrated that BMP-12 is capable of inducing tenogenic differentiation in canine and mouse ASCs [8] , but our hypothesis that it could be more advantageous to use TSPCs for tendon regenerative applications in comparison with ASCs was not confirmed, at least with the protocol used here. Other tenogenic factors, such as GDF-5/BMP-14, should been tested on human ASCs and TSPCs in order to assess whether they are able to induce a more evident tenogenic induction, although previous studies reported that GDF-7/BMP-12 induced the tenogenic differentiation of canine ASCs more efficiently in comparison with GDF-5/BMP-14 [8] . Moreover, the identification of more specific targets could enable the development of new factors that are able to induce cells towards tendon differentiation more efficiently.
Since tendon is a mechanoresponsive tissue, it can be speculated that, together with biochemical stimuli, appropriate mechanical loads would be helpful for improving the tenogenic differentiation of progenitor cells, in particular of TSPCs, as the modulation of physical stress response is part of their physiological role in tendon tissue; indeed, external physical stimuli seem to enhance or accelerate the differentiation into tenocyte-like cells [40] . For this reason, further studies are needed in order to clarify the cell response to mechanical stimuli and also how they are able to influence the fate of MSCs. Another criticism in this research field is that the markers usually used to assess tenogenic differentiation are not strictly specific for tendons, as they can be also found in other tissues and cells. For this reason, the evaluation can sometimes be misleading, and thus in order to obtain more reliable results, the identification of more specific tendon markers may provide better insights into in vitro tenogenesis.
One of the limitations of this study is the lack of a donor-matched comparison that could have partially reduced the high interdonor variability that often represents a critical point when dealing with primary cells. However, in this case, the use of donor-matched cells would have involved ethical issues, since part of the collected tissue should have been intentionally harvested, whereas in our study, all of the samples used to isolate cells were from surgical waste. Nevertheless, the possibility to obtain data form a donormatched comparison study could be considered in future studies in order to better characterize MSCs from different sources. Another limitation of this study is the use of the differentiation protocols that were previously developed and adapted for ASCs, and this could have disadvantaged the TSPC differentiation ability. Moreover, the assessment of only tendonspecific gene expression without the related protein expression and the testing of a single growth factor without any mechanical stimulation to induce the tenogenic differentation represent further limitations of this study. Further comparative studies of MSC immunogenicity could be useful in order to better identify the best cell type for allogeneic use.
Conclusion
Taken together, our results demonstrated that TSPCs do not significantly differ from ASCs in term of clonogenic ability, proliferation and immunophenotypic profile. In comparison with ASCs, TSPCs are less prone to differentiating into adipogenic and osteogenic lineages using our protocols, but are more able to differentiate into chondrogenic-and tenogeniclike cells, potentially opening up the possibility of using TSPCs as a new cell type in some regenerative medicine applications in the musculoskeletal field.
Future perspective
Preclinical studies have shown the possibility of exploiting the properties of ASCs and BMSCs in order to manage tendon disorders. Our findings, together with others concerning TSPCs, allow us to speculate that, in the future, tendons could represent an appealing and sustainable cell source for isolating MSCs for musculoskeletal regenerative purposes. Moreover, thanks to the low immunogenicity of MSCs, it could be possible to preserve TSPCs isolated from surgical waste material for allogeneic use, as is currently done for other MSC types, including umbilical cord-and adipose tissue-derived MSCs.
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Executive summary
Background
• Adipose tissue is one of the most common source of mesenchymal stem cells for regenerative purposes; however, the search of the 'most convenient' mesenchymal stem cell source is still ongoing.
• In this study, tendon stem.progenitor cells (TSPCs) and adipose-derived stem cells (ASCs) were compared for the first time, with the aim of providing further knowledge regarding the potential use of TSPCs in musculoskeletal tissue regeneration strategies.
Materials & methods
• The in vitro immunophenotype, embryonic stem cell marker expression, clonogenic and proliferation ability and multilineage differentiation (adipogenic, chondrogenic, osteogenic and tenogenic) potential of TSPCs and ASCs were compared.
Results
• TSPCs and ASCs show similar in vitro proliferation, clonogenic abilities and expression of stem cell markers.
• Upon specific stimulation, TSPCs show lower adipogenic and osteogenic differentiation potential, but higher chondrogenic differentiation potential compared with ASCs.
• BMP-12 is able to upregulate the expression of tendon markers in both TSPCs and ASCs.
Discussion
• Our results demonstrate that TSPCs do not significantly differ from ASCs, potentially opening up the possibility of using TSPCs as a new cell type for musculoskeletal regenerative medicine.
• As ASC and TSPC tenogenic differentiation abilities were not noticeably different, our hypothesis that it could be more advantageous to use TSPCs for tendon regenerative applications in comparison with ASCs was not confirmed, at least with the protocol used here.
